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For moderate or strong seismic events, the maximum strains can easily reach the elastic limit of the soil behavior. Considering soil-
structure interaction, the nonlinear effects may change the soil stiffness at the base of the structure and the energy dissipation into the 
soil. To take into account the nonlinearity of the soil in the dynamic soil-structure interaction (DSSI), a 3D constitutive model, 
proposed by Iwan, is used to investigate DSSI in the framework of the Finite Element Method. The model accounts for the nonlinear 
hysteretic behavior of soils and only needs the shear modulus degradation curve to characterize the soil behavior. This feature is very 
important since complex constitutive models generally involve numerous mechanical parameters difficult to characterize 
experimentally.  
 
A parametric study is carried out for different types of structures to characterize nonlinear effects in the time domain. Through these 
numerical simulations, the nonlinear behavior of the soil is shown to have beneficial or detrimental effects on the dynamic response of 
the structure depending on the way the interaction process is modified: change in the amplitude and frequency content of the waves 





The nonlinear stress-strain behavior of soils can be 
represented more accurately by cyclic nonlinear models that 
follow the actual stress-strain path during cyclic loading 
(Kramer, 1996). Such models are able to represent the shear 
strength of the soil. A variety of cyclic nonlinear models have 
been developed; all are characterized by a backbone curve 
and a series of rules that govern unloading-reloading 
behavior, stiffness degradation, and other effects. The stress-
strain model used in this work is proposed by Iwan (1967) 
and used by Joyner and Chen to compute the nonlinear 
ground response in earthquakes (Joyner and Chen, 1975a). 
They presented a method based on the Iwan model that takes 
account of nonlinear, hysteretic behavior of soils and offers 
considerable flexibility for incorporating laboratory data on 
soil behavior (Joyner, 1975b). Joyner et al. (1981) improved 
the model to be capable of generating the energy dissipation 
in small strain levels.  
 
This form of model has a rich history of application to 
modeling in the fields of material plasticity, structural 
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dynamics and vibrations, control systems and magnetics 
(Segalman and Starr, 2008). After Segalman et al. (2008), 
what are now often referred to as Iwan might correctly be 
called Masing-Prandtl-Ishlinskii-Iwan models. They showed 
that for any material or structural model expressible as a 
Masing model, there exists a unique parallel-series 
(displacement based) Iwan system that characterized that 
model as a function of displacement history. 
 
The Iwan model is used and implemented in the framework 
of Finite Element to investigate the effect of soil nonlinearity 
on dynamic soil- structures interaction. 
 
 
SOIL CONSTITUTIVE MODEL 
 
The soil model initially proposed by Iwan (1967) is used in 
this work. The model is composed of simple linear springs 
and Coulomb friction elements arranged as shown in fig. 1.  
 
 
Fig. 1. Iwan model 
 
The friction elements remain locked until the stress exceeds 
the yield stress iY . Generally, the yield stress of the first 
element 1Y is set to be zero for simulating the elastic 
behaviour of the soil. By appropriate specification of the 
spring constants iG  and the yield stresses iY , we can model a 
very broad range of material behaviour as dictated by 
laboratory experiments (Joyner, 1975a). The accuracy of the 
model depends on the number N of elements but it effects the 
calculation duration and an optimal value should be found. 
 
At any given time, all the elements up to a certain index will 
be yielding and all those above will not. The iY  are chosen to 
cover the range of stresses that the system is expected to 
encounter and are distributed so that the initial loading curve 
can be faithfully recovered. From the initial loading curve, a 
set of shear strain values me (m=1, N+1) is obtained 
corresponding to the stress values mY . The tangent modulus 








1                                  (1) 
 
The Iwan model can be used to represent, to any target 
accuracy, the behaviour of any material whose hysteresis 
loops satisfy the Masing criterion and do not depend on the 
number of cycles of loading. Even if a soil does not exactly 
meet the Masing criterion, its behaviour might still be 
approximately represented by an Iwan model (Joyner, 1975a).  
It should be noted that the rheological model used here has no 
viscous damping, and as a result the stress depends on the 
strain (and strain history) but not on the strain rate. Therefore, 
the energy dissipation per cycle does not depend upon the 
frequency. 
 
The model initially proposed by Iwan was in 1D but he 
introduced an extension of the standard incremental theory of 
plasticity (Fung, 1965). Instead of a single yield surface in 
stress space, Iwan postulated a family of yield surfaces. 
The relationship between mean stress and mean strain is 
presumed elastic so that  
 
3K/mm dσ=de                                  (2) 
 
where K is the bulk modulus. The deviatoric stress 
ij is 
considered as a vector in a nine-dimensional space, and a 
family of yield surfaces is postulated, represented by the yield 
functions 
   2nijijn k=ασF                                (3) 
 
where nk is a constant characteristic of the nth surface and 
ijα represents the origin of the surface. The total deviatoric 
strain 
ije is presumed to consist of the sum of an elastic strain 
Eije plus plastic strain components Pije each associated with the 
nth yield surface. Kinematic hardening of the Prager type is 
assumed so that 
 
Pnijnnij deC=dα                                 (4) 
 
where nC is a constant associated with the nth surface. 
The plastic strain increments must be normal to the 






                               (5) 
 
where nL can be 0 or 1 regarding the activity of the unit. The 
requirement that loading from a plastic state must lead to 












/1                   (6) 
 
Summing elastic and plastic strain increment components and 
substituting from equation (5) and (6) gives the total 
deviatoric strain increment 
 












//                  (8) 
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Equation (7) is to be solved for rsdσ in terms of ijde , but first it 
should be noted that only five of the components of rsdσ are 
independent. Then equation (7) is rewritten in terms of the 
independent components 
 
33332323131312121111  dPdPdPdPdPde ijijijijijij     (9) 
 
where (i,j) takes on the values (1,1), (1,2), (1,3), (2,3) and 










/// 2211          (10) 
 
By solving equations (2) and (9), the stress increments are 
obtained from the strain increments. The coefficients in 
equation (9) depend on
ijn σF  / , nC and nL . The yield 
condition of von Mises is used so that 
 







                               (12) 
 
With that choice, the parameter nk  in the equation that 
describes the yield surface represents the initial yield stress in 
simple shear. The values of nk  and nC are chosen in order to 
fit laboratory data. It is assumed that the loading curve from 
an initial state of zero deviatoric stress and strain is known. 
 
In brief, knowing the increment of deviatoric strain, the 
incremental deviatoric stress can be obtained by multiplying 
the inverse of the P matrix by the increment of deviatoric 
strain. 
rsijrsij deP=d                              (13) 
 
The assumption of an elastic relationship for volumetric stress 
and strain coupled with the use of the von Mises yielding 
condition is about the simplest set of choices that could be 
made. It does not incorporate in any direct way the effects of 
dilatancy, i.e., the tendency of soils to change in volume when 
undergoing shear. The effect of dilatancy upon shear strength 
(through its effect on pore pressure) can be incorporated 





The Finite Element code, CESAR-LCPC (Humbert, 2005) is 
used to simulate the dynamic soil-structure interaction. 
 
The resolution method of the problem of DSSI is based on the 
discretization in time and space. The second order of implicit 
Newmark scheme is used to integrate the equation of motion 
in time. The unconditional stability factors are considered in 
all the simulations (0.25 as   and 0.5 as ). The Newton-
Raphson algorithm is combined to Newmark scheme for 




Soil model  
 
The constitutive soil model, explained in previous section 
initially studied separately to investigate its rheological 
behaviour for different strain levels. Figure 2 shows the stress-
strain curve for a single component sinusoidal strain with 
increasing amplitude (Simple shear loading). It means that 
only the xz and zx members of the strain matrix are nonzero. 




Fig. 2. Stress-Strain curve (Simple shear loading) 
 
The results are satisfactory and the loading and unloading 
cycles are coherent with the backbone curve. On the other 
hand, stress-strain cycles computed by the model do not reach 
the ultimate strength of the material at the level of strain that 
the earthquakes occur. 
 
Another example consists in a 3D response of the model by 
using a sinusoidal strain for all components with different 
increasing amplitudes. In this case, the strain matrix is 
composed of fully nonzero members. Figure 3 shows the 
stress-strain curve in the xy, xz and yz directions.  
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Fig. 3. Stress-strain curve in xy, xz and yz direction 
 
We can observe that the model is also capable to generate the 
hysteresis curve, and the material strength is less than that 
obtained for simple shear loading (one component). It means 





The stress-strain cycles are shown in fig. 4 for simple shear 
loading due to the Loma Prieta earthquake (1989). In this case 
we have non uniform loading and unloading, the model 
generates the hysteresis cycles by following the Masing rules 
and respecting the ultimate resistance of the soil. 
 
  
Fig. 4. Stress-strain curve for Loma Prieta earthquake 
 
In the next step, the model is implemented at the framework 
of the Finite Element method (CESAR-LCPC code), and non 





The borehole condition is considered at the base of the soil 
model. It means that at the level of applied input motion, total 
displacement is equal only to the incident wave. For the lateral 
boundaries the periodic condition is supposed. Consequently, 
the displacement, strain and stresses are equal on both lateral 




NON LINEAR WAVE PROPAGATION AND 
VALIDATION OF THE MODEL 
 
 
Validation of the model 
 
Our numerical results (Iwan model, FE) are now compared to 
the linear equivalent, EERA (Bordet et al., 2000), nonlinear 
NERA, (Bordet and Tobita, 2001) numerical results and a 
Finite Difference (Bonilla, 2000) program based on nonlinear 
Iwan model (Iwan model, FD). All the three codes are based 
on Finite Difference. EERA is a computer program starting 
from the same basic concepts as SHAKE and it stands for 
equivalent-linear earthquake response analysis. NERA is a 
non-linear site response analysis program based on the 
material model developed by Iwan (1967). 
 
A 1D single soil layer of 50m (fig. 5) is supposed to compare 
the nonlinear wave propagation results between the different 
approaches. The density of the soil is 1900 3/ mkg  and the 
shear wave velocity in soil is 150 sm / . The shear modulus 
reduction curve vs. cyclic shear strain is shown in fig. 5.  
       
Fig. 5. Geometrical and material properties of the soil layer 
 
The Ricker wavelet of order zero, Gaussian wavelet (Semblat 
and Pecker, 2009), is applied at the base of the soil layer with 
three different PGAs (0.0075, 0.15, 0.5 g) to have a wide 
range of nonlinearity (fig. 6). 
 
 
Fig. 6. Ricker wavelet of order zero 
 
The 1D simulations are performed for different strain levels. 
The total duration of the simulations is 20 seconds. The 
acceleration obtained at the surface of the soil column is 
compared between our model (FE), EERA, NERA and Iwan 
model (FD) for PGA equal to 0.15g (Fig. 7).  
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Fig. 7. Acceleration at free field for PGA : 0.15g 
 
We can observe that the results are satisfactory during the 
propagation process. To have a better idea of the differences 
between the results, fig. 8 shows the results for only the first 
second (first acceleration peak) of wave propagation for three 
different levels of input motion.  
 
As we can see in fig. 8, top-left, the results are very close for a 
PGA equal to 0.0075g (low strain level) the accelerations are 
very close. For moderate strain (fig. 8, top-right), there is a 
slight difference between the results and finally for large 
strain level (fig. 8, bottom) there is a significant difference 
between the accelerations at the surface of the soil column 
obtained by these numerical tools. In all three cases, the 
acceleration obtained at the surface of the soil column by Iwan 
model (FE), is smaller than that obtained from the three other 
programs. It means that our nonlinear FE model is more 
dissipative when compared to the three other numerical tools. 
We can observe the same result by comparing the arrival time 
of peak acceleration, which shows the velocity of the 
propagation is slower for the implemented Iwan model (FE).  
  
 
Fig. 8. Comparison of acceleration between the four 
programs for the first second of the propagation 
 
The difference between the results is partially due to the 
nature of the resolution method used in these numerical tools 
(Finite Element and Finite Difference). We should also take 
into account the differences between the time and spatial 
discretization chosen in each case. 
 
The transfer function is also compared for our model, EERA 
and NERA programs. The transfer function is the ratio of the 
free field acceleration and the input motion at the base of the 
soil layer. The results in frequency domain are displayed in 
fig. 9. For small strain level (PGA equal to 0.0075g), close to 
the elastic behaviour of the soil, the fundamental frequencies 
of the soil layer obtained by our model (FE) and EERA are 
more realistic specially when compared to the theory. For 
large strain level, the frequencies obtained by our model are 
closer to NERA (fully non linear program) than EERA. 
 
 
Wave propagation for different strain levels 
 
The acceleration, velocity and displacement at the surface of 
the soil layer obtained by our model are compared for 
different levels of strain (fig. 10). The left column in fig. 10 
displays the results for PGA of the input motion equal to 
0.0075, 0.015, 0.075 and 0.15g and in the right column we 
have the same results for PGA equal to 0.2, 0.3, 0.4 and 0.5g. 
It is obvious that, for increasing strain levels, the nonlinearity 
increases (apparent wave velocity decreases) and much more 
energy is dissipated. In fig. 10, we can observe that the 
residual displacement increases for increasing strain level. 
 
 
Fig. 9. Comparison of the transfer function obtained by three 
programs for PGAs: 0.0075, 0.15 and 0.5g 
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Fig. 10. Acceleration, velocity and displacement at the surface 
of the soil layer for different PGAs 
 
In order to observe the level of nonlinearity, the input 
acceleration at the base of the soil layer versus the output 
acceleration obtained at the surface of the soil for different 
PGAs is shown in fig. 11. It can be noticed that the ground 
motion is amplified for a moderate input motion. When the 
strain level increases, the effect of soil nonlinearity is larger 
and involves stronger energy dissipation. That is, a part of the 
energy is dissipated in the soil before reaching the surface and 
therefore, the seismic motion is strongly attenuated. 
 
 
Fig. 11. Input acceleration vs. free field acceleration 
 
 
Comparison of 1D and 2D simulations 
 
We compare also the results of a single soil layer in one and 
two dimensions. The 2D finite element model consists of 50 
meters deep and 250 meters long. The soil properties are 
exactly the same as 1D model (Fig. 12).  
 
       
Fig. 12 : 1D and 2D model properties 
 
A Ricker wavelet of order zero is applied as input motion in 
horizontal direction and the acceleration, velocity and 
displacement are compared at the surface of the soil (fig. 13).  
 
 
Fig. 13.  Comparison between 1D et 2D model 
 
As we expect the results are the same. 
 
 
NON LINEAR DYNAMIC SOIL-STRUCTURE 
INTERACTION 
 
The effect of soil nonlinearity is now investigated by means 
of the Iwan model implemented in the finite element method 





As the main objective of this paper is to study the effect of 
nonlinearities of the soil on the DSSI, the elastic material 
behaviour is considered for the structures. The structures 
(table 1) are modelled by 2D frames with one span and one 
floor (Fig. 14). The columns are massless and the beams have 
a large stiffness. 
 Paper No. 5.44a  7 
 
Fig. 14. Structural model 
 
The flexibility of the foundations is not taken into account 
(rigid foundations). 
 
Table 1. Fundamental frequency of the various structures 
 
N. Mass of the beam ( 3/ mt ) Fund. Frequency (Hz)
1 5 3.3937 
2 8.5 2.6124 
3 23.5 1.5764 
4 24.5 1.544 
5 25.5 1.5136 
6 28 1.4446 





The soil is composed of 5 layers with five different material 
properties (fig.15). The shear modulus reduction curve versus 
cyclic shear strain for different layers is shown in fig. 16. 
 
 
Fig. 15. Soil-structure model 
 
Fig. 16. Shear modulus reduction curve (hyperbolic model) in 
the various soil layers 
 
 
The foundation and the soil are perfectly connected and the 





To study the nonlinearity of the soil, the soil-structure model 
is excited by Ricker wavelet (order zero) with various 
amplitudes. The nonlinear response of the soil-structure 
system is compared to its linear response. Acceleration, 
velocity and displacement at the top of the structure are 
compared for different input motions (PGA equal to 0.1, 0.25 
and 0.5g) in fig. 17 for the frame with the fundamental 
frequency equal to 1.4446 Hz (structure 6) for the first 5 
seconds of the analysis. We can observe that the amplitude of 
the acceleration and velocity decrease especially for PGA 
equal to 0.5g. The soil nonlinearity causes some residual 
displacement. Because of soil nonlinearity a part of the 
energy dissipates into the soil before reaching the structure 




Fig. 17. Response of the structure 6 to Ricker excitation 
 
To see better the results, only the first second of acceleration 
is shown in fig. 18. By comparison to the first acceleration 
peaks obtained at the top of the structure, the amplitudes for 
all nonlinear cases are less than in the linear case with an input 
PGA equal to 0.1g. It means that the effect of nonlinearity is 
very significant. The apparent wave velocity is also different 
for these four cases; we can observe that it decreases for 
increasing soil nonlinearity. 
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Fig. 18. First second of acceleration at the top of structure 
 
The Fourier transform of the displacement at the top of this 
structure for all the different cases is shown in fig. 19. The 
fundamental frequency of this frame on fixed base is 1.4446 
Hz. As we can see the first natural frequency of the soil 
profile (linear behavior) is 1.48 Hz. By considering the soil-
structure interaction with linear behavior of the soil the 
fundamental frequency of the system shifts to the low 
frequency and is equal to 1.358 Hz. It means that we have 6% 
of frequency reduction. By considering the nonlinear behavior 
of the soil, the fundamental frequency of the system keeps 
decreasing and it changes from 1.343 Hz (PGA equal to 0.1g) 
to 1.328 Hz (PGA equal to 0.5g).  
 
 
Fig. 19.  Fourier transform of the displacement (structure 6) 
 
It means that the fundamental frequency decreases again 2.2% 
for the nonlinear soil with PGA equal to 0.5g in comparison 
with linear behavior of the soil.  
 
The same results are studied for the structure with the 
fundamental frequency on fixed base equal to 2.6124 Hz 
(structure 2). The acceleration, velocity and displacement at 
the top of the structure are shown in fig. 20. In this case also 
we have a significant reduction of the structural response 
because of the soil nonlinearity. 
 
 
Fig. 20. Response of the structure 2 to Ricker excitation with 
various PGAs 
 
The first second of acceleration at the top of the structure is 
shown in fig. 21. We can observe the energy dissipation in the 
soil and its effect on the acceleration amplitude at the top of 
the structure and the apparent wave velocity. 
 
 
Fig. 21. First second of acceleration at the top of the structure 
 
The Fourier transform of the displacement at the top of the 
structure is shown in fig. 22. As we know the fundamental 
frequency of the structure on fixed base is 2.6124 Hz. By 
considering the soil with linear behavior, the fundamental 
frequency of the system decreases until 2.487Hz, that is, 
4.8%. For the nonlinear case, PGA equal to 0.5g, it reaches 
2.472 Hz. It means that the frequency is decreased by 2.7% 
when compared to the linear behavior of the soil. We can 
observe that the decrease of fundamental frequency of the 
soil-structure system of two structures (structures 2 and 6) is 
different. 
 Paper No. 5.44a  9 
 
Fig. 22. Fourier transform of the displacement (structure 2) 
 
The only difference between these two frames is the mass of 
the structures. Also, as we know, we can have the same 
fundamental frequency (on fixed base) with different 
geometrics, rigidities and masses of the structures. 





It is now necessary to study what happens in the soil, which 
causes the reduction of the response of the structure. The 
hysteresis cycles at different soil layers are shown in fig. 23 
for the soil-structure model with fundamental frequency of the 
structure equal to 1.0808 Hz on fixed base (structure 7). 
 
 
Fig. 23. Hysteresis cycles at different soil layers (PGA : 0.1g) 
 
As the dissipated energy is related to the surface of the cycles 
of the stress-strain curve, we can observe that the energy 
dissipation is more significant for the layer close to the surface 
of the soil (5m to the surface). In this case the maximum shear 
strain reaches to 0.04%. The soil behavior remains elastic in 
layers 1 and 2. The results are coherent with the shear 
modulus reduction curve of the profile of the soil shown in 
fig. 16. 
 
By increasing the amplitude of the input motion, we expect 
more nonlinearity. Figure 24 shows the hysteresis cycles of 
the same soil-structure model (fundamental frequency of the 
structure on the fixed base equal to 1.0808 Hz) for input 
motion with PGA equal to 0.5g. 
 
 
Fig. 24. Hysteresis cycles at different soil layers (PGA : 0.5g) 
 
In this case the nonlinearity in the soil layer 1 is obvious. The 
shear strain in the soil layer 5 (5m from the surface) reaches 
up to 0.12%. For this strain level the energy dissipation is 
larger than with a 0.1g PGA. That is why the accelerations are 
approximately equal at the top of the structure despite the 




For the seven structures of table 1, the normalized maximum 
acceleration at the top of the structure is shown versus 
normalized frequency of the structures (fig. 25). The 
maximum acceleration at the top of the structure is normalized 
by the maximum acceleration of the input motion (PGA). The 
fundamental frequency of the structures (fixed base) is 
normalized by the first natural frequency of the soil (1.48 Hz). 
By considering the nonlinear behavior of the soil, the input 
motion with a 0.5g PGA leads to a lower amplification than 
the 0.1g PGA in all cases because the nonlinearity in the soil 
layers is larger. For the higher normalized frequency 
(structure 1), the amplification in nonlinear cases is larger. It 
should be noticed that the mass of the structure is the only 
difference between these seven structures and higher 
normalized frequency means smaller mass of the structure.  
 
 
Fig. 25. Normalized acceleration vs. normalized frequency 
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By decreasing the normalized frequency and considering the 
nonlinear behavior of the soil, the acceleration at the top of the 
structure is less than the input motion. In fig. 26, the same 
results are analyzed considering another definition of the 
normalized acceleration. In this case, the maximum 
acceleration is normalized by the maximum acceleration of 
the corresponding linear case. The acceleration strongly 
decreases for the normalized frequency close to 1. It should be 
noticed that these results are only for the structural type that 




Fig. 26. Normalized acceleration vs. normalized frequency 
 
The same graphs are shown in fig. 27 and 28 for normalized 
displacement. In fig. 27, the maximum displacement at the top 
of the structure is normalized by the maximum displacement 
of the input motion. The normalized displacement in the linear 
case is larger than other cases for the normalized frequency 
close to 1, that is, for the structures with fundamental 
frequencies close to the natural frequency of the soil. It means 
that we have the resonance in the system. 
 
By comparing the results in fig. 25 and fig. 27, we notice that 
the maximum normalized acceleration for the 0.5g PGA input 
motion is less than for 0.1g, but the maximum normalized 
displacement for 0.5g PGA is larger than that of 0.1g.  
 
 
Fig. 27. Normalized displacement vs. normalized frequency 
 
We may conclude that the acceleration is more influenced by 
soil nonlinearity. 
In fig. 28, the normalized displacement is obtained by 
normalizing the maximum displacement at the top of the 
structure by the corresponding linear maximum displacement. 
We observe that for the normalized frequency close to 1 the 
nonlinearity is more significant and the maximum normalized 
displacement is less than other structure except for the highest 
normalized frequency (structure 1). It means that the mass of 
the structure is also very important. 
 
 
Fig. 28. Normalized displacement vs. normalized frequency 
 
 
Effect of structural properties at soil-structure response 
 
To study the effect of the mass of the structure, another 
example is investigated with a huge mass but with the same 
fundamental frequency as structure 6. The geometry of this 
structure is different. The height of this frame is equal to 10m 
but its width is the same. The total mass of this structure is 
more than 50 times the total mass of structure 6, and 
obviously the stiffness of the columns should be larger than 
that of other structures to have the same fundamental 
frequency. Acceleration, velocity and displacement at the top 
of the structure for the first 5 seconds are shown in fig. 29. In 
this case, we also noticed the effect of soil nonlinearity on the 
response of the structure. 
 
Figure 30 shows the Fourier transform of the acceleration at 
the top of the structure. The fundamental frequency of the 
structure on fixed base is equal to 1.4441 Hz (equal to 
fundamental frequency of structure 6). By considering soil-
structure interaction the fundamental frequency of the system 
decreases down to 0.4578 Hz for linear behavior of the soil. It 
means that the fundamental frequency is divided by three. By 
considering the soil nonlinearity this frequency reaches to 
0.217 Hz, that is, the fundamental frequency is divided by 
two. 
 
Despite the very large values chosen for the parameters, it 
shows that the structural model and the mass of the structure 
are very important and may significantly change the response 
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CONCLUSIONS 
 
The Iwan model is implemented at the framework of the 
Finite Element method (CESAR-LCPC code), and nonlinear 
seismic wave propagation especially for the problem of 
dynamic soil-structure interaction is investigated.  
 
We observe that, because of soil nonlinearity a part of input 
energy (depending to the strain level) dissipates in soil before 
reaching the surface. Consequently, the response amplitude of 
structure such as acceleration, velocity and displacement at 
the top of the structure decreases.  
Considering soil nonlinearity, the fundamental frequency of 
the soil-structure system decreases compared to the structure 
based on a linear soil.  
 
The total mass of the structure is a very important factor that 
influences the reduction of fundamental frequency of soil-
structure interaction. 
 
The response of the structure such as acceleration and 
displacement at the top of the structure is more influenced of 
soil nonlinearity for the structure with the fundamental 
frequency close to the natural frequency of soil. 
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